Degenerate PCR primers, UP-1 and UP-2r, for the amplification of DNA gyrase subunit B genes (gyrB) were designed by using consensus amino acid sequences of gyrases from Escherichia coli, Pseudomonas putida, and Bacillus subtilis. In addition to the degenerate sequences, these primers have sequences at the 5 end which allow direct sequencing of amplified PCR products. With these primers, DNA segments of the predicted size were amplified from a variety of gram-negative and gram-positive genera. The nucleotide sequences of the amplified gyrB DNA from three P. putida strains were determined directly from the amplified fragments. The base substitution frequency of gyrB between the strains of P. putida was much higher than that of the 16S rRNA gene. With a specific set of PCR primers, it was possible to amplify gyrB fragments selectively from P. putida or its subgroups. The direct sequencing method of gyrB developed in this study provides a rapid and convenient system for bacterial identification, taxonomic analysis, and monitoring of bacteria in the natural environment.
DNA probes in combination with PCR technology have been used to detect specific bacteria. One of the applications of this technology is the identification of human pathogens in foods (11, 18, 19, 26, 31) . The technique has also been used for the detection and identification of microorganisms from the natural environment without the need for cell cultivation (2, 13, 15, 20, 28, 30) . The molecular monitoring of microbial ecosystems has also recently received increasing attention as a suitable method for the examination of the fate of microorganisms after their introduction into the natural environment. The effect of the introduction of exogenous microorganisms on the indigenous microbial populations should also be studied (6) , and for that purpose, the development of methods to monitor indigenous microorganisms has become a subject of considerable interest. However, the application of molecular techniques to studies on microbial diversity and heterogeneity in the natural environment is limited because of the lack of probes highly specific to each type of indigenous bacteria.
The resolution of the detection of specific microorganisms is highly dependent on the specificity of the probes or PCR primer sets used. Many kinds of cloned chromosomal fragments or oligonucleotides have been used as probes. Of these, the nucleotide sequences of small-subunit rRNA (16S rRNA) have most commonly been used, and the hybridization of 16S rRNA-targeted probes and the PCR amplification of the 16S rRNA gene (rDNA) using specific primers have been shown to be useful for characterizing and detecting specific populations of complex microbial communities (1, 5, 12, 13, 17, 25, 28, 29) . However, 16S rRNA evolves so slowly that the specificity of probes based on rRNA sequences may not always be high enough to distinguish closely related strains.
This study was undertaken to develop oligonucleotide probes that have higher specificity than rRNA-based probes. The desired features of target genes for such DNA probes would be that (i) they do not transmit horizontally as plasmid DNA does, (ii) their molecular evolution rate is higher than that of 16S rRNA, and (iii) they are distributed universally among bacterial species. We selected gyrB genes that encode the subunit B protein of DNA gyrase (topoisomerase type II) as targets of highly specific probes. DNA gyrase regulates supercoiling of double-stranded DNA. It is necessary for DNA replication, and the enzyme is distributed universally among bacterial species (21) . In this study, we developed a set of PCR primers which allowed amplification of gyrB genes from a large spectrum of bacteria and rapid nucleotide sequencing of the amplified gyrB fragments. We also designed PCR primers that could amplify the gyrB genes from specific sets of Pseudomonas putida strains. 14397) were used. The ATCC strains were purchased from American Type Culture Collection (Rockville, Md.), the IFO strains were purchased from Institute for Fermentation Osaka (Osaka, Japan), and the JCM strain was purchased from Japan Collection of Microorganisms (Riken, Saitama, Japan). Pseudomonas sp. strain PB4 has been isolated from the Pacific Ocean as a bacterium capable of degrading propylbenzene. Chemical taxonomic analysis suggests that this strain is P. putida (unpublished data).
MATERIALS AND METHODS
Chemicals and enzymes. All chemicals and reagents used were of the highest purity commercially available. Taq polymerase was purchased from the PerkinElmer Corp. (Norwalk, Conn.), while oligonucleotides were purchased from JBioS (Niiza City, Japan).
Preparation of chromosomal DNA. Bacteria were grown aerobically in L broth at 30ЊC. Cells from overnight cultures were washed and resuspended in 10 mM Tris-HCl buffer (pH 8.0) containing 0.1 mM EDTA. Chromosomal DNA was prepared by the method described by Johnson (16) .
PCR amplification. PCR amplification was performed with a DNA Thermal Cycler 480 (Perkin-Elmer Corp.) by using PCR buffer (Perkin-Elmer Corp.) containing each of the deoxynucleoside triphosphates at a concentration of 200 M, each of the primers at a concentration of 1 mM, 1 g of target DNA, and 2.5 U of Taq DNA polymerase. A total of 30 cycles of amplification was performed with template DNA denaturation at 94ЊC for 1 min, primer annealing at 60ЊC for 1 min, and primer extension at 72ЊC for 2 min. For the amplification of GϩC-rich P. aeruginosa DNAs, the first 5 cycles consisted of template DNA denaturation at 96ЊC for 1 min, primer annealing at 65ЊC for 1 min, and primer extension at 72ЊC for 2 min, and the denaturation temperature of the following 25 cycles was lowered to 95ЊC to prevent polymerase inactivation. Use of HindIII-digested template DNA in combination with the high denaturation and primer annealing temperatures further improved the efficiency of the amplification. PCR-amplified DNAs were analyzed by gel electrophoresis on 1% agarose (SeaKem ME; FMC Bioproducts, Rockland, Maine) for 40 min at 8.3 V/cm in TBE buffer (50 mM Tris-HCl, 48.5 mM boric acid, and 1 mM EDTA, pH 8.2). Amplified products were purified from 1% low-melting-temperature agarose (NuSieve GTG; FMC Bioproducts) as described by Sambrook et al. (27) .
DNA sequencing. Sequencing was carried out with a Taq DyeDeoxy Terminator Cycle Sequencing Kit and a 373A DNA sequencer (Applied Biosystems, Foster City, Calif.) according to the manufacturer's instructions. For the sequencing of gyrB, both N-terminal and C-terminal regions of amplified fragments were sequenced with UP-1S and UP-2Sr primers (Fig. 1) . To extend the sequencing further, other primers were designed from the sequence data obtained with the UP-1S and UP-2Sr primers. Whole sequences of amplified fragments of approximately 1,200 bp were thus determined. Nucleotide sequences of 16S rDNA were determined from PCR fragments by the method of Edwards et al. (8) .
Nucleotide sequence accession numbers. The nucleotide sequence data reported in this paper will appear in the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databases with the following accession numbers: D37923, D37924, D37925, D37926, and D37927.
RESULTS
Design of universal primers for the PCR amplification of gyrB. Degenerate PCR primers for the amplification of gyrB genes were designed from two conserved regions of the amino acid sequences of the DNA gyrase subunit B proteins of the following bacteria: E. coli (SWISS-PROT code, GYRB_E-COLI; accession number P06982), P. putida (GYRB_PSEPU; P13364), and B. subtilis (GYRB_BACSU; P05652). The two conserved amino acid sequences were reverse translated, and the 41-nucleotide N-terminal PCR primer (UP-1) and 44-nucleotide C-terminal PCR primer (UP-2r) were synthesized (Fig. 1) . The nucleotide sequences of the first 23 residues at the 5Ј ends of both primers are not degenerate and therefore may not necessarily be complementary to target gyrB sequences. The 5Ј regions, however, could be used as the tag sequences for the nucleotide sequencing of amplified DNA using two sequencing primers, UP-1S and UP-2Sr (Fig. 1) . The remaining 20 and 23 nucleotides, respectively, of the N-terminal and C-terminal primers are degenerate, thus making 512 variations.
PCR amplification of gyrB from chromosomal DNA of various bacteria. PCR amplification of gyrB was attempted using DNA from the following strains: B. subtilis, E. coli K-12, P. putida (IFO 14164 and JCM 6156), P. aeruginosa (PAO, IFO 3446, and IFO 13275), P. stutzeri, P. alkanolytica, P. fluorescens, A. calcoaceticus (ATCC 31012 and ATCC 33308), R. sphaeroides 2.4.1, F. breve, and C. uliginosa. The major PCR products had sizes corresponding to those predicted from the known gyrB sequences. Minor products were also amplified from chromosomal DNA from some bacteria (Fig. 2) .
Sequencing of gyrB and 16S rDNA. Amplified gyrB fragments from E. coli K-12 and P. putida IFO 14164 were sequenced. The determined sequence of the E. coli K-12 gyrB fragment was 310 bp long, and that of the P. putida IFO 14164 gyrB fragment was 1,167 bp long. They are 100% identical to the published gyrB sequences of E. coli K-12 and P. putida PRS2000 (ECGYRBF and PPGYRBG in the EMBL database). The gyrB sequences of two other P. putida strains were also determined and aligned (Fig. 3) . Furthermore, the sequences of 1,329-bp-long 16S rDNAs of the three P. putida strains were determined (Fig. 4) . The homology of the gyrB and 16S rDNA sequences among the P. putida strains is shown in Table 1 . The frequency of base substitutions in 16S rDNA was lower than that in gyrB. For example, between the sequences of JCM 6156 and IFO 14164, 92 base substitutions were observed in gyrB while only 14 base substitutions were observed in rDNA. Phylogenetically, strains JCM 6156 and PB4 are closely FIG. 1. Nucleotide sequences of PCR primers (UP-1 and UP-2r) and sequencing primers (UP-1S and UP-2Sr) designed from the phylogenetically conserved amino acid sequences of the subunit B protein of DNA gyrases from E. coli K-12 (GYRB_ECOLI in the SWISS-PROT database), P. putida (GYRB_PSEPU), and B. subtilis (GYRB_BACSU). Sense primer UP-1 was designed from the 91st to 104th amino acid residues (the numbering corresponds to that of the E. coli protein), and antisense primer UP-2r was designed from the 495th to 509th amino acid residues. The 503rd amino acid was A for B. subtilis instead of S. The 3Ј region of each primer is the degenerate region containing all the possible combinations of the nucleotide bases surrounded by the boxes, while the 5Ј region of each primer consists of the unique sequence possessing one of many possible reverse-translated sequences. The 5Ј region was used as a tag sequence for sequencing using two sequencing primers, UP-1S and UP-2Sr. Each PCR primer is a mixture of 512 different sequences. Development of PCR primers for the detection of specific classes of P. putida. Four PCR primers were developed to amplify the gyrB genes of specific P. putida strains. Primers P734 and P1455r were designed from the consensus sequence of all three strains of P. putida. Primer P895 was designed from the consensus sequence of JCM 6156 and PB4, and primer P1213r was designed from the specific sequence of PB4. Oligonucleotide sequences of these primers are listed in Table 2 , and the results of PCR amplification using these primers are shown in Fig. 6 . The primer set P734 and P1455r amplified the gyrB sequences of all the P. putida strains but did not amplify those of other Pseudomonas strains tested (P. stutzeri, P. alkanolytica, P. fluorescens, and P. aeruginosa). The primer set P895 and P1455r promoted the amplification of the gyrB sequences of JCM 6156 and PB4 but not that of IFO 14164. The primer set P895 and P1213r promoted the amplification of the gyrB sequence of PB4. It was thus possible to amplify the gyrB fragments of P. putida strains differentially. a 16S rDNA sequences of P. putida (1,329 bp) corresponding to positions 37 to 1370 of the E. coli sequence (with gaps) were used for the homology calculation.
b gyrB sequences of P. putida (1,167 bp) corresponding to positions 316 to 1479 of the E. coli sequence (with gaps) were used for the homology calculation.
DISCUSSION
Primers UP-1 and UP-2r allowed the amplification of gyrB genes from a broad range of bacteria by PCR. Tested strains are members of the following taxonomic groups: purple bacteria, gamma subdivision; purple bacteria, alpha subdivision; Cytophaga-Flexibacter-Bacteroides group; and low-GϩC-content gram-positive bacteria (24) . Consequently, the UP-1 and UP-2r primers appear able to amplify the gyrB sequences of most gram-negative bacteria and some gram-positive bacteria. It was possible to sequence directly the amplified gyrB sequences with tag sequences present at the 5Ј termini of the PCR primers. This sequencing method saved time and labor compared with conventional sequencing methods that require cloning of amplified DNA.
In this study, PCR primers which specifically detected the species P. putida or subclasses of the species P. putida were developed. Many PCR primer sets which detect specific groups of bacterial strains will be developed by following the protocol described in this paper.
The base substitution frequency of gyrB within the species P. putida was much higher than that of 16S rDNA. Base substitutions in 16S rDNA are restricted by the fact that a large part of the primary and secondary structures of 16S rRNA is important for its functions. The primary constraint for the molecular evolution of the gyrB genes is the conservation of amino acid sequence for maintaining its functions, and synonymous base substitutions that do not provoke amino acid substitutions are generally accepted. The difference in the base substitution frequency between 16S rDNA and gyrB may thus be due to the difference in the number of sites available for neutral base substitutions.
In the modern taxonomy of bacteria, 16S rRNA sequence analysis is a standard method for the investigation of their phylogenetic relationships (3, 7, 9, 14, 32) . 16S rRNA sequences contain two types of region, highly conserved regions that have been used to define the relationships among distant taxa and variable regions that have been used to differentiate genera and species (4, 22) . Nevertheless, the difference of 16S rDNA sequences among P. putida strains was very small, and it may be difficult, in general, to distinguish strains of the same genus with 16S rDNA information. In fact, Fox et al. (10) had reported that among psychrophilic strains of Bacillus, the identity of 16S rRNA sequences is not necessarily a sufficient criterion to guarantee species identity. The 16S rDNA sequence comparison might be effective for the analysis of genera and higher orders. The gyrB sequence comparison, on the other hand, may better define the phylogenetic relationships at the species level.
Ochman and Wilson (23) estimated the average substitution rate for 16S rRNA at 1%/50 million years and that for synonymous sites of protein-coding DNA at 0.7 to 0.8% per million years. With these values, the divergence time between IFO 14164 and JCM 6156 was estimated roughly to be 50 million years ago by both the 16S rDNA and gyrB data. Many P. putida strains have been isolated as degraders of exotic hydrocarbons, and their taxonomic identification was mostly done by examining their morphological and biochemical properties. It is FIG. 6 . PCR amplification of gyrB of P. putida using specific primers. (A) PCR amplification with P. putida species-specific primers P734 and P1455r. Lanes: M, molecular size markers (BstEII-digested lambda DNA); 1, P. stutzeri (IFO 14165); 2, P. alkanolytica (IFO 12319); 3, P. fluorescens (DSM 50108); 4, P. aeruginosa (PAO); 5, P. putida (IFO 14164); 6, P. putida (JCM 6156); 7, P. putida (PB4). (B) PCR amplification with subspecies (JCM 6156 and PB4)-specific primer P895 and species-specific primer P1455r. Lanes: 1, P. putida (IFO14164); 2, P. putida (JCM 6156); 3, P. putida (PB4). (C) PCR amplification with PB4 strain-specific primer P1213r and subspecies-specific primer P895. Amplified fragments were analyzed by electrophoresis on a 1.2% agarose gel. Segment times and temperature for PCR amplification were 1 min at 94ЊC, 1 min at 67ЊC (A and B) or 63ЊC (C), and 2 min at 72ЊC. The expected lengths of amplified fragments are 747 bp for the primer set P734 and P1455r (A), 586 bp for the primer set P895 and P1455r (B), and 343 bp for the primer set P895 and P1213r (C). a Positions correspond to the gyrB nucleotide sequence of P. putida (PPGYRBG in the EMBL database).
possible that the P. putida strains will split into several distinct species when more nucleotide sequence data are available. The method for the amplification and sequencing of gyrB genes reported in this paper may be useful for the rapid development of specific probes, for taxonomic analysis, and for the identification of bacteria. The N-terminal region of the amplified gyrB fragment contains the region in which point mutations for nalidixic acid resistance in E. coli (nal-24 and nal-31) have been mapped (33) . The gyrB amplification method presented in this paper thus may also be useful for the analysis of natural and induced nalidixic acid resistance.
